Complexation of biomacromolecules (e.g., nucleic acids, proteins, or viruses) with surfactants containing flexible alkyl tails, followed by dehydration, is shown to be a simple generic method for the production of thermotropic liquid crystals. The anhydrous smectic phases that result exhibit biomacromolecular sublayers intercalated between aliphatic hydrocarbon sublayers at or near room temperature. Both this and low transition temperatures to other phases enable the study and application of thermotropic liquid crystal phase behavior without thermal degradation of the biomolecular components.
Complexation of biomacromolecules (e.g., nucleic acids, proteins, or viruses) with surfactants containing flexible alkyl tails, followed by dehydration, is shown to be a simple generic method for the production of thermotropic liquid crystals. The anhydrous smectic phases that result exhibit biomacromolecular sublayers intercalated between aliphatic hydrocarbon sublayers at or near room temperature. Both this and low transition temperatures to other phases enable the study and application of thermotropic liquid crystal phase behavior without thermal degradation of the biomolecular components.
iquid crystals (LCs) play an important role in biology because their essential characteristic, the combination of order and mobility, is a basic requirement for self-organization and structure formation in living systems (1) (2) (3) . Thus, it is not surprising that the study of LCs emerged as a scientific discipline in part from biology and from the study of myelin figures, lipids, and cell membranes (4) . These and the LC phases formed from many other biomolecules, including nucleic acids (5, 6) , proteins (7, 8) , and viruses (9, 10) , are classified as lyotropic, the general term applied to LC structures formed in water and stabilized by the distinctly biological theme of amphiphilic partitioning of hydrophilic and hydrophobic molecular components into separate domains. However, the principal thrust and achievement of the study of LCs has been in the science and application of thermotropic materials, structures, and phases in which molecules that are only weakly amphiphilic exhibit LC ordering by virtue of their steric molecular shape, flexibility, and/or weak intermolecular interactions [e.g., van der Waals and dipolar forces (11) ]. These characteristics enable thermotropic LCs (TLCs) to adopt a wide variety of exotic phases and to exhibit dramatic and useful responses to external forces, including, for example, the electro-optic effects that have led to LC displays and the portable computing revolution. This general distinction between lyotropic LCs and TLCs suggests there may be interesting possibilities in the development of biomolecular or bioinspired LC systems in which the importance of amphiphilicity is reduced and the LC phases obtained are more thermotropic in nature. Such biological TLC materials are very appealing for several reasons. Most biomacromolecules were extensively characterized in aqueous environments, but in TLC phases, their solvent-free properties and functions could be investigated in a state in which no or only traces of water are present. Water exhibits a high dielectric constant and has the ability to form hydrogen bonds, greatly influencing the structure and functions of biomacromolecules or compromising electronic properties such as charge transport (12) (13) (14) (15) . Indeed, anhydrous TLC systems containing glycolipids (16) (17) (18) (19) , ferritin (20) , and polylysine have been reported (21) (22) (23) . However, a general approach to fabricating TLCs based on nucleic acids, polypeptides, proteins, and protein assemblies of large molecular weights such as virus particles remains elusive.
Here we propose that the combination of biomaterials with suitably chosen surfactants, followed by dehydration, can be effectively applied as a simple generic scheme for producing biomacromolecular-based TLCs. We demonstrate that biological TLCs can be made from a remarkable range of biomolecules and bio-inspired molecules, including nucleic acids, polypeptides, fusion proteins, and viruses. TLC materials typically combine rigid or semirigid anisometric units, which introduce orientational anisotropy, with flexible alkyl chains, which suppress crystallization (24) . In the present experiments, negatively charged biomolecules and bio-inspired molecules act as rigid parts, and cationic surfactants make up the flexible units to produce TLC phases with remarkably low LC-isotropic clearing temperatures, which is another TLC signature. Electrostatic interactions couple these rigid and flexible components into hybrid assemblies, which then order into lamellar phases of alternating rigid and flexible layers ( Fig. 1 ) stabilized by the tendency in TLCs for rigid and flexible to spatially segregate (25) .
Results and Discussion
TLCs Based on Nucleic Acids. Inspired by previous work dealing with polyelectrolyte-lipid complexes (2, (26) (27) (28) (29) (30) (31) , for the preparation of nucleic acid TLCs, an oligonucleotide [22mer single-stranded DNA (ssDNA)] and the cationic surfactant dimethyldioctylammonium bromide (DOAB) were complexed in a simple procedure, including a final lyophilization step (SI Appendix, Section B). The solvent-free DNA-DOAB complex was birefringent (SI Appendix, Fig. S2 ) and viscous and did not solidify at room temperature. Thermogravimetric analysis of the DNA-surfactant melts revealed a water content of less than 3% (wt), confirming that only traces of water are present in the bulk material and that they are thermally stable up to 200°C (SI Appendix, Fig. S3 ). The phase sequence was then investigated by polarized optical microscopy (POM). The typical focal-conic textures characteristic for smectic order (32) were observed on cooling from isotropic to the mesophase ( Fig. 2A) . Differential scanning calorimetry revealed two discrete Significance Liquid crystals (LCs) found in biology are usually dispersed in a solvent, typically water, and are therefore classified as lyotropic. However, from a technological perspective, thermotropic LCs (TLCs), typically based on small rod-or disc-shaped organic molecules, have been of much greater importance. In this contribution, we show that thermotropic liquid crystal phases and materials can also be made from biomolecules, demonstrating a simple generic method to form thermotropic phases from biosystems ranging from nucleic acids and proteins to even whole viruses, spanning a size from only a few nanometers to 1 μm. endothermic peaks at −7 and 41°C, corresponding to crystalline-LC and LC-isotropic transitions, respectively (SI Appendix, Fig.  S4 ). This finding suggests the formation of a TLC resulting from electrostatic complexation between the phosphate backbone of the oligonucleotide and the cationic head groups of DOAB because pristine DOAB is isotropic at the same temperature range.
The sharp reflection peak q 1 = 0.314 Å −1 and its harmonics q 2 = 0.629 Å −1 at small-angle X-ray scattering (SAXS) ( In the wide-angle X-ray scattering (WAXS) experiment (Fig.  3B ), the broad peak at q = 1.45 Å −1 corresponds to repeat distance of 4.3 Å, which is attributed to the intralayer packing of the alkyl chains of the surfactant (20) . Regarding the X-ray results, no peak from the DNA intralayer packing was observed, which suggests that the oligonucleotide chains of ssDNA are randomly packed within the sublayer, without any positional or orientational order (34) . The lamellar structure of the DNA-DOAB complex was directly visualized by freeze-fracture transmission electron microscopy (FF-TEM). As shown in Fig. 4A , stacks of flat and smooth layers with occasional distinct layer steps (yellow arrow) indicate a long-range order of the DNA-DOAB smectic mesophase. No specific or identifiable features were observed at the fracturing surface, even at high magnification (Fig. 4B) , indicating that DNA molecules are randomly, homogeneously orientated and are uncorrelated within the sublayer, consistent with the X-ray analysis.
To show the generality of our approach with regard to other nucleic acids, TLCs from RNA were fabricated following the same complexation procedure (SI Appendix, Section C). The resulting TLC phase ranged from −7 to 43°C (SI Appendix, Fig. S6) . POM of the RNA-DOAB complex displayed a typical focal-conic texture (Fig. 2B) , and the analysis of SAXS and WAXS data indicated a smectic mesophase with a layer spacing of 20.3 Å (SI Appendix, Fig. S7 ). The periodic lamellar structures are also directly confirmed by FF-TEM (SI Appendix, Fig. S8 ). Furthermore, it is interesting to note that the DNA or RNA molecules can be liberated from the dehydrated TLCs by exposure to saturated NaCl solution, allowing dissolution in aqueous phase.
TLCs Based on Supercharged Polypeptides and Fusion Proteins. In the next step, TLCs involving polypeptides were investigated. Genetic engineering allows expression of artificial genes in bacterial vectors, encoding polypeptides that represent macromolecules with well-defined sequences, chain lengths, and stereochemistry (35, 36) . One such example is elastin-like polypeptides (ELPs), which are based on a common pentameric repeat sequence (VPGVG) found in tropoelastin. Because of the material's inherent mechanical elasticity and inverse temperature-transition behaviors, ELPs have gained considerable attention for biotechnological and biomedical applications (37, 38) . Here, we take advantage of the flexibility of amino acid composition in ELPs by introducing glutamic acid at the fourth position of the repeat to transform ELP into unfolded and highly charged anionic polyelectrolytes (38) . Thus, genetically encoded ELPs with 72 negative charges along the backbone (E72) and a variant functionalized with green fluorescent protein (GFP) as fusion, E72-GFP, were produced in Escherichia coli (SI Appendix, Section D).
Both supercharged ELPs formed solvent-free smectic TLCs by using electrostatic interactions between the unfolded peptide chains and the surfactant didodecyldimethylammonium bromide (DDAB) (SI Appendix, Section D). Thermal analysis indicated that the ELP-DDAB complexes exhibit liquid crystalline phases from 30 to 80°C and a water content of 2% (wt) (SI Appendix, Figs. S17 and S18). The complexes exhibited birefringent focalconic textures under POM (Fig. 2C and SI Appendix, Fig. S16 ) and, interestingly, showed an isotropic-smectic modulated phase sequence (Fig. 1) . At T = 70°C, SAXS profiles of E72-DDAB ( ) appears around the smectic layer reflection peak, indexed as (1, 1), (1, 2) , and (1, 3) of a 2D rectangular lattice, suggesting an additional periodicity perpendicular to the layer normal; that is, an in-plane layer undulation that, with the layering, forms a type of LC columnar phase. The undulated layer structure is directly visualized by FF-TEM images (Fig. 4 C and D) . The multiple-step "cliffs" show the layer undulation propagating through many layers without changing the smectic structure. This kind of layer undulation has so far been observed in the ripple phase of phospholipids (39) and in the B1 and B7 phases of bent-core LCs (40) (41) (42) .
This observation indicates that engineered supercharged polypeptides are able to self-assemble into ordered-layer TLC structures in the absence of any solvent, although they did not exhibit a typical α-helical or β-sheet secondary structure. Interestingly, the characteristic fluorescent property of GFP was maintained in the mesophases of the E72-GFP-DDAB complex, indicating that the folded protein was not denatured by the surfactant treatment (SI Appendix, Figs. S14, S18, and S22-S24). In contrast, it is noteworthy that the GFP did not disturb the mesophase behavior, although both components exhibit comparable molecular weights. As for the nucleic acids, ELPs (E72 or GFP-E72) can be transferred from the TLC to the aqueous phase by treatment with saturated NaCl solution.
TLCs Based on Virus Particles. Subsequently, we explored whether even much larger, hierarchical biomacromolecular-based superstructures can be manipulated, using the ionic self-assembly approach. For that purpose, engineered M13 bacteriophages were selected, which are monodisperse and anisotropic rod-like particles 1 μm in length and 7 nm in width (9, 10). The virus is enveloped by ∼2,700 copies of the major coat protein pVIII, containing three negatively charged residues close to the N terminus (NH 2 -VPGVGAEGDDPA•••-COOH; negatively charged residues are underlined) (SI Appendix, Section E). After complexation of the phage with mixed surfactants of DOAB and DDAB (SI Appendix, Section E), a smectic mesophase with typical focal-conic birefringence was observed in the range of 14-58°C (Fig. 2D and SI Appendix, Figs. S28 and S29) . From the SAXS and WAXS measurements (Fig. 3 G and H and SI Appendix, Fig.  S30 ), smectic layer reflection (q = 0.0686 Å ) were observed with a periodicity of 91.5 Å. The layer spacing corresponds to a bilayer structure made of a sublayer of phage (∼70 Å) and an interdigitated sublayer of surfactants (DOAB and DDAB; ∼21.5 Å) (Fig. 3G, inset) . Each repeating layer consists of tail-to-tail interacting surfactants that protrude from the phage particles (Fig. 1) . Long-range periodic ) of E72-DDAB is overlapped with that of kapton. The third order scattering (q 3 = 0.208) is approaching the limit of the angular range of the distant detector and thus the X-ray intensity drops after this peak.
layer structures in the mesophase have been confirmed by FF-TEM studies (Fig. 4 E and F) . The fractured plane revealed individual phages globally, along a preferred direction. Nematic orientational ordering has developed between different phages within the sublayer as a result of the rigidity and large length-todiameter aspect ratio of phage (Fig. 1) . In contrast to the nucleic acid and protein TLCs, phages cannot be redispersed in the aqueous phase by salt solution treatment because of their fragile structures relying on supramolecular interactions.
Conclusions
We report here a generic molecular architecture and preparative scenario whereby TLCs can be fabricated from biopolymers and large biomacromolecular assemblies with dimensions ranging from only several nanometers up to the micrometer regime. Several important classes of biomaterials including DNA, RNA, polypeptides, fusion proteins, and viruses that exhibit negative charges were complexed with cationic surfactants by a simple fabrication procedure. The biological materials represent a new class of TLCs, which form mesophases that are stabilized by electrostatic interactions. It is important to note that singlestranded short DNA and RNA as well as unfolded supercharged polypeptides assemble into periodic lamellar structures, despite the fact that these molecules lack sufficient rigidity. Genetic engineering is a powerful tool to fabricate de novo designed polypeptide building blocks that are constituent components of TLCs. Moreover, this bioengineering technique allows integration of other functional proteins, which have no LC properties themselves, into TLCs with only little interference with the mesophase. In the future, we will study the properties of the biological components within this novel class of TLCs providing a hydrophobic environment and lacking high dielectric water content. The flexibility of incorporating various different biological building blocks will enable many technological applications including biosensing, biocatalysis, and bioelectronic devices.
Materials and Methods
The detailed procedures for biomolecule production, biosurfactant complex preparation, characterization, and additional data described in this work can be found in the SI Appendix, Materials and Methods.
Synthesis of Oligonucleotide and Production of Supercharged Polypeptides and Phage. DNA with the sequence 5′-CCTCGCTCTGCTAATCCTGTTA-3′ was synthesized through the conventional solid-phase synthesis method. Elastin-like polypeptides (E72, E72-GFP) and phage M13 were genetically engineered in E. coli.
Preparation of Biosurfactant Complexes. After mixing aqueous solution of oligonucleotide, E72, E72-GFP, or phage with water-soluble cationic surfactants (DOAB or DDAB), precipitate occurred. After centrifugation and lyophilization, biosurfactant complexes were obtained. 
